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ABSTRACT
25573

Detailed analyses of radiation data over the Sahara desert, using
analog traces ( brush records ) of the medium resolution, five-channel radio-
meter on TIROS III, were made in an attempt to evaluate the limb darkening
( variation in intensity of outgoing radiation with the direction of propagation ).
In the technique employed, we made use of the fact that some areas on the
earth are scanned twice by the radiometer beam within a few minutes interval
as the satellite spins and progresses along its path. Pairs of measurements,
where the satellite's radiometer views the same point at a large and a small
zenith angle, were combined, and from such measurements a substantial limb
darkening was found. Serious influences on the radiation data may occur as a
consequence of the scan geometry; these have been carefully examined and

taken into account in the interpretation of the data. A



1. INTRODUCTION

The meteorological satellite TIROS III carries a five-channel radio-
meter of about five degree half-power aperture which scans the earth as the
satellite rotates. In fig. 1 a schematic view of the TIROS satellite is given
which shows the principle of the scanning radiometer. Channels 2 and 4 were
designed to measure the intensity of the outgoing terrestrial radiation in the
spectral regions at 8 to 12 and 7 to 30 microns respectively. In fig. 2 the
spectral response curves of the channels 2, 3 and 4 are drawn on an absorp-
tion diagram of the atmosphere in the infrared, presented by Elsasser (1942).

From radiation data obtained by the satellite's measurements in
channels 2 and 4, surface temperatures and values of total infrared flux can be
deduced. However, radiation registered by channel 2 does not come entirely
from the ground or from cloud tops when they are present. According to Hanel
and Wark (1961), about 25 percent originates in the lower part of the atmosphere;
this must be taken into account in an interpretation of data. Upward radiation
is a function of the optical path and the temperature distribution in the atmos-
phere, and the intensity of the outgoing radiation which is measured by the
satellite, depends on the nadir angle of view. When temperature in the atmos-
phere decreases with height a decrease in the measured intensity of the outgoing
radiation occurs as the zenith angle of the line of sight increases. This
observed phenomenon is referred to as limb darkening and is a quantitative
measure of the anisotropy of the outgoing radiation.

By using model atmospheres the normal range to be expected in
limb darkening for channels 2 and 4 has been calculated by Wark, Yamamoto
and Lienesch (1962). To substantiate their results it has been necessary to
measure the amount of limb darkening by using satellite radiation data. Wark
(1963) has made a statistical analysis of satellite radiation data to establish the

limb darkening effect which is experienced by the satellite. He first selected



the data in groups according to temperature intervals; next he made a selection
according to the nadir angle of view. By this combination of the data he was
able to compute a set of limb darkening curves, with each curve representing
the specific temperature of the radiating source. A different approach has
been taken by us in a thorough examination of the analysed radiation data from
one isolated case based on a pass over the Sahara Desert in which the precise
rectification technique developed by Fujita (1963a, 1963b and 1963c) has been
applied.

I1. SATELLITE RADIOMETER MEASUREMENTS

Before we describe the technique involved in our computation of
limb darkening some general remarks should be made about the radiometer
measurements. The radiation sensed by the five-channel radiometer comes
from a relatively small area on the earth, the scope of which is determined
by the instrument's aperture. The size and orientation of this area, which is
called a scan spot, will continuously vary as the satellite spins and progresses
along its path. However, the direction of propagation is nearly constant, rel-
ative to the local vertical, during a registration; and dimensionally specific
intensity is implicit in any measurement. From calibration measurements
the radiometer's response can be converted into a value which represents a
filtered flux, W , called effective radiant emmittance ( see NASA radiation
manual, 1962 ). Effective radiant emmittance of a target for a sensor is
defined as that portion of blackbody radiant emmittance which would be detect-
ed by a sensor with a spectral response c:[)v . The effective radiant emmittance

may be written:

W:/wwv(T)%du.

Considering isotropic radiation, the specific intensity, I, of the filtered

radiation from the target may be written as

1= W/nr,



and will be given in watts per square meter.

The measured intensity for outgoing terrestrial radiation which
originates within the field of view of the radiometer, is a weighted mean over
the scan spot. This is a consequence of the variation in sensitivity within the
radiometer's aperture. However, V_V/'rr expresses a measured intensity in one
particular direction. In our work with limb darkening we are concerned with
an intensity ratio 1/10 , or the intensity of the outgoing radiation in an oblique
direction to the intensity of the outgoing radiation in the vertical. Here the
I/'lr factor cancels out; so we present the synoptic maps, used in our compu~

tations, according to the measured values of W .
III. TECHNIQUE FOR MEASURING LIMB DARKENING

The inclination of the five-channel radiometer's aperture axes are
designed to be 45 degrees. When the satellite spins and progresses along its
path, its spin axis always points in the same direction in space; as a result,
some areas on the earth are scanned twice. The areas are covered by initial

and complemental scans of the radiometer beam. A point within such an area

will usually be scanned by the radiometer beam at two different zenith angles;
this is illustrated in fig. 3. In a pair of measurements like these, we have to
consider two different path lengths in the atmosphere where the influence on the
upward radiation will be different, so that a measured difference in the outgoing
radiation actually expresses the influence of limb darkening. Limb darkening
may be defined as the ratio I/ I, . the ratio of the intensity of outgoing radia-
tion in a direction of zenith angle C to the intensity in a direction of zenith angle
zero, and is given as a function of ; . However, from a particular pass just
one pair of measurements would provide radiation data to compute the ratio I/ I
Therefore it is necessary to introduce an approximate method where we assume
no limb darkening exists for outgoing radiation of zenith angles less than 30

degrees.



Thus we may write:

1(C) 1(£<30)
1(£=0) 1(=0)

1(§) /1(£<30) = ~ 1(L)/1L=0) or /I, .

On this assumption the ratio I({) / I(t<30)will, for different values of L. rep-
resent limb darkening as a function of the zenith angle { , the larger angle in
our zenith angle pair.

The measured outgoing radiation, however, is affected by the var-
iations in size and orientation of the scan spots. Such influences are a conse-
quence of the fact that the radiometer always integrates over the area which is
viewed. Our data are obtained from pairs of measurements where the radio-
meter beam, from two different positions of the satellite, is oriented towards
the same point on the earth. However, the areas viewed by the radiometer may
not be identical. The radiometer beam of the large zenith angle may encom-
pass an area including both hot and cold spots, while the beam of the small
zenith angle may strike an area covering only the hot spot; thus two different
intensities would be registered by the radiometer even without an intermediate
atmosphere. One should realize that the variation in scan spot size is consider-
able; it may vary from a circle of about sixty miles in diameter to an eliptical-
ly shaped area of several hundred miles in major axis. The dimensions of
scan spots as a function of the satellite height and zenith angle (as seen from
the scan spot ) are shown on a scan spot chart by Fujita (1963b).

To minimize this integration defect in our computation, an actual
measured value at a small zenith angle is replaced by the weighted mean value
from the areas of the corresponding large scan spot. The weighting factor is
a sensitivity function of the radiometer. ( See Appendic ). Also the influence
of space contamination should be noted. This contamination starts at a zenith
angle of about 80 degrees. Actually, the instrument's field of view is complete-
ly filled when the nadir angle of view is less than

90°-§,-A/2,
where SA and A denotes the satellite's dip angle and the radiometer's aperture,

respectively.



The actual procedure in the limb darkening computations has been
to make two separate analyses over the same geographical area: one based on
data obtained when the area is viewed by the satellite at small zenith angles,
and the other based on data obtained when the area is viewed at larger zenith
angles. Using Fujita's (1963c) terminology, analyses are made from data
plotted on initial scan lines and complemental scan lines, respectiveiy. In
fig. 4 and 3 the two analyses are shown and the isolines for the zenith angles
of satellite are drawn on the maps. Scan spots containing sensitivity contours
are constructed, the large scan spots ( complemental scan spots ) are placed
on the synoptic pattern derived from the initial scans, and the weighted mean
values are computed. Actual field values are replaced by the computed
means, and the same type of "distortion" as that created by the scan geometry
in the complemental scan analysis is introduced in the initial scan analysis.
After correcting for space contamination, the two analyses are then compared.

The weighted mean radiation values from initial scans provides
values at zenith angles less than 30 degrees, just as the radiation pattern from
complemental scans, with correction applied for space contamination, provides
measured values at the larger zenith angles. We restrict, however, our limb
darkening computation within the region of initial scans of zenith angles up to
30 degrees where the zenith angles of complemental scans range from 50 to
90 degrees. Remembering the assumption of no limb darkening as zenith
angles up to 30 degrees, we now compute the ratio I/ Io at [ equal to 60, 70,
80 and 90 degrees, and these computed values represent our observed limb

darkening for this particular case.
IV. RESULTS

The computed values of the ratio of intensity of outgoing radiation
at a zenith angle  to the intensity of the radiation in the vertical, I/ Io
or W/ Wo ,» in channel 2, at zenith angles of 60, 70, 80 and 90 degrees are

plotted against { . The smoothed curve through the points gives the observed



range of limb darkening as experienced by the instrument for this particular
case. Our values of W/ Wo are given in table I, and the curve is shown in fig. 6.
The observed limb darkening is substantial and exceeds the theoretical values

at an increasing rate as the zenith angle increases.

TABLE 1. Observed limb darkening channel I, TIROS III over Sahara.

Lin deg. | W/W, | Stand. dewv.
60 .93 +.02
70 .78 +.04
80 .29 +.04
90 19 +.02

By our method one is able to measure each spot on the earth twice
within a few minutes of satellite flight; the results obtained are derived by com-
bining readings from several pair of instruments. Variations in the nature and
the temperature of the atmosphere in horizontal planes will affect the measure-
ments and introduce complications, and a calculated standard deviation may in-
clude the influence of a nonstratified atmosphere.

For the window region, Beer's law is a good approximation for the
atmosphere. If we assume a hot earth surface and a cold atmosphere, we may
wte: Wo/W=1,/1=1ge /1 ek sec b,
where |, denotes intensity of the upward radiation in the vertical emerging at
the top of the atmosphere and Ig is the intensity of the isotropic radiation emerg-
ing at the earth surface. k i8the optical thickness of the whole atmosphere for
vertical incidence, and we may indicate the transmissivity T as:

T= e‘k .
We have further
Log I,/1=k(sec L-1),
where the log of the intensity ratio 1 /] is a linear function of (sec £ -1)

under conditions stated above. In a diagram, given in fig. 7, values of the log



intensity ratio, log I0 / I, which are based on our observed values of the inten-
sities of outgoing radiation, I , are plotted against ( sec L- 1) ; and the values
of log I, /1 ,based on the calculation of I in model atmospheres by Wark,
Yamamoto, and Lienesch (1962), have been plotted in the same diagram.

Up to about 70 degrees zenith angle the values of log I /1 based
on the I - values of Wark and collaborators are in reasonable agreement with
those based on our observed values of I. Above 70 degrees the observed log
intensity curve starts to rise, and it deviates from the theoretical values at
an increasing rate with increasing { . One should remember, however, that
the log diagram itself exaggerates, to a certain extent, the deviation between
the observed and the theoretical values. It should be pointed out that the at-
mospheric ozone is considered in calculations of intensities of upward radiation
emerging at the top of the atmosphere. ( From supplemental tables to MSL
Rep.,10.)

Our evaluation of limb darkening is obtained in the Africa case
study and the results may, strictly speaking, be applied only to other situations
where similar conditions in the atmosphere exist. However, the deviation
between observed and theoretical values is probably much larger than a
change in limb darkening caused by changes in the nature of the atmosphere.
Therefore, if surface temperature is deduced from satellite measurements,
the theoretical limb darkening will in all cases give too small corrections
when measurements are made at zenith angles larger than 65 degrees. In
our particular case, the temperatures measured above mountains in the
Sahara Desert ranged from about 38 to 40 degrees Centigrade and the readings
above the sand dunes usually indicate temperatures about five degrees lower.

Measurements were also carried out for channel 4, the broad
channel covering the spectral region of 7 to 30 microns, and for channel 3,
which measures reflected solar radiation and covers the spectral region be-~
tween 0. 25 and 6 microns. For these channels the degree of limb darkening
was found to be smaller than that appearing in channel 2. On channel 4, how-

ever, it seems that a time lag effect exists due to the pen recorder, making



it is very difficult to interpret the measured values. Therefore small time lag
effects in channels 2 and 3 probably occur, causing the limb darkening curve
to fall off less steeply than expected if we judge from the curve's tendency at

{ ranging from 30 to 70 degrees. In this paper, work has been concentrated
on finding the limb darkening in channel 2, but the more tentative results for
channels 3 and 4 may have some other interest and are given in table II. Par-

entheses indicate where the influence of the time lag is serious.

TABLE II. Observed limb darkening. Channels III and IV TIROS III over Sahara.

L in deg. W/ W, CH. 3 W/W, CH. 4

50 .98 (1. 03)
60 .94 (1.02)
70 .86 0.92
80 .70 0.71
90 47 (0.95)

V. REMARKS

As pointed out earlier in this paper one is able by this method to ob-
serve not more than twice a particular spot on the earth during the satellite's
flight. We are forced to combine readings from pairs of measurements of rad-
iation which originates in widely separate areas, despite the fact that a differ-
ence in the composition of the atmosphere in horizontal planes will influence the
measured values of limb darkening. In particular, water vapor in the atmos-
phere will be of great importance because the wings of the water vapor bands
are within the spectfal response of channel 2. The 9.6 micron ozone band will
also influence the upward radiation. However, over the areas used in this case,
mostly the desert regions of Africa, one can assume that a stratified ozone
layer exists.

Very little information about the water vapor content was available
for the areas where limb darkening measurements were made. From ground

observations, within the area and without, combined with balloon
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soundings on the periphery, we obtained some information about the distrib-
ution of the water vapor in the atmosphere. In fig. 8, we have given a
schematic view of the conditions in the atmosphere along a center line within
the area of the measurements.

Over the area where measurements were made at { equal to 90
degrees, the atmosphere seemed to be relatively dry at the surface with a
water vapor layer aloft. Water vapor mass gives a high degree of limb dark-
ening when it is aloft because it is a cold absorber and therefore, the limb
darkening may not be much greater in the area of 70 and 60 degrees zenith
angle, where the water vapor mass is larger, but at a lower level. On the
whole, the conditions for measuring limb darkening seemed to be reasonably
favorable. The limb darkening curve, as given, represents a mean range,
valid for a tropical and humid atmosphere.

It is difficult to explain the large deviation from the theoretical
values which is observed at zenith angles of above 75 degrees in channel 2.
One can presume no clouds exist in this case, suggesting the possibility that
dust particles may be causing this effect, which could be in accordance with
channel 3 measurements of upward radiation-- a subject we shall deal with in

another paper.
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APPENDIX

RESOLUTION OF THE RADIOMETER

When a beam of light illuminates the satellite sensor area one gets
a response, R . Such a response will depend on the intensity I of the light,
the sensitivity of the sensor, and the size of the illuminated sensor area. We
denote the sensitivity by S , and assume this to be a function of r only, the

radial distance from the aperture axis on the sensor. We may write:

2T .,
R=,/ ./ 1srdedr,

where R is the instrumental response and ¢ is the azimuth angle in the sensor

lane. The ratio i
P R| 0o J/ Srdr

Ro /osSrdr

expresses relative or normalized power output of the radiometer, and is geo-
metrically represented by contours on the sensor area. An area surrounded
by a specific power contour and projected on the earth is called a scan spot.
The size of the scan spot will determine the resolution power of the radiometer;
it is important therefore, to know the sensor's power contours. As a con-
sequence of eq. 1, the sensitivity S , has to be known if we want the values of
R

The satellite's radiometer has been calibrated by moving a travel-
ing slit over the sensor. If the effective length of the slit is denoted by 1 , the

instrumental reponse in this experiment is expressed by

|
R= Ax /" 1Sdl,
v

whereAxis the width of the traveling slit focussed on the sensor. We are inter-
ested in the relative change of S only, and the response in relative or normal-

ized units is given by |
o/ Sdl

s ee——

" LR
REL ~
Rusx o/ 'max g g
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and the values of S are found by solving the integral equation:

Cy =O/|Sdl ;

this is done numerically by considering the finite equation,

where Cp is taken in arbitrary units from the observed curve in the calibration
measurements.

Through these computations we found the values of the sensitivity,
in percent, as a function of the instrument's aperture angle, which were used
as weighting factor for the evaluation of a weighted mean value over a scan

spot. ( See Fujita 1963b ).
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Fig. 1. Schematic view of TIROS III with its five-channel radiometer which scans
the earth as it spins and progresses along its path. The radiometer beam has
a 45 degree inclination to the spin axis which direction is fixed in space.
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Fig. 6. Observed limb
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Fig. 8. Distribution of water vapor in the atmosphere in a cross section along
the central area of observation. Dew point temperatures are given in degrees
Farenheit.



